Summary Background: Melanocortin 3 and 4 receptors (MC3R and MC4R) are known to play an essential role in hypothalamic weight regulation. In addition to these two G-protein-coupled receptors (GPCRs), a huge number of other GPCRs are expressed in hypothalamic regions, and some of them are involved in weight regulation. So far, homodimerization was shown for a few of these receptors. Heterodimerization of unrelated receptors may have profound functional consequence but heterodimerization of GPCRs involved in weight regulation was not reported yet. Methods: A selective number of hypothalamically expressed GPCRs were cloned into a eukaryotic expression vector. Cell surface expression was demonstrated by an ELISA approach. Subcellular distribution was investigated by confocal laser microscopy. A sandwich ELISA and fluorescence resonance energy transfer (FRET) were used to determine protein-protein interaction. Results: Via sandwich ELISA and FRET approach we could demonstrate a robust interaction of the MC4R with GPR7, both of which are expressed in the hypothalamic nucleus paraventricularis. Moreover, we determined a strong interaction of MC3R with the growth hormone secretagogue receptor expressed in the nucleus arcuatus. Conclusion: Identification GPCR heterodimerization adds to the understanding of the complexity of weight regulation and may provide important information to develop therapeutic strategies to treat obesity.
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Introduction
Oligomerization or dimerization as the smallest interaction unit of G-protein-coupled receptors (GPCRs) is now an accepted structural and functional feature of the largest class of integral membrane receptors. Since the first reports on heterodimerization of GABA B receptors and its importance for GABA B receptor function [1] [2] [3] were published, a huge number of GPCRs was reported to form or function as homoor heterodimer [4] [5] [6] .
The pharmaceutical industry develops drugs that modulate GPCR function since GPCRs are involved in nearly every physiological process [5, 7] . Homo-or heterodimerization could influence trafficking to the cell surface, ligand binding, G-protein coupling, and agonist-induced internalization [8] . Knowledge of the existence of tissue-specific and functionally relevant GPCR dimers is of interest when targeting a GPCR as treatment option.
The new obesity epidemic [9] is an increasing health problem worldwide. Lifestyle changes and currently available drugs on the market have only little effects on weight reduction and maintenance of a reduced body weight. Therefore, treatment options are needed that specifically interfere with the disturbed balance of food intake and energy expenditure.
The leptin-melanocortin pathway is the most important pathway in the regulation of body weight [10] . Leptin represses the expression of orexigenic neuropeptides (agouti-related protein and neuropeptide Y) and enhances the expression of anorexigenic peptides proopiomelanocortin (POMC) in first-order neurons of the hypothalamic arcuate nucleus (ARC). POMC is processed to the peptides α-and β-MSH, which in turn modulate second-order neurons in the paraventricular nucleus (PVN) by activating the melanocortin 4 receptor (MC4R), thereby influencing food intake and energy expenditure. In the ARC α-, β-as well as γ-MSH activate the melanocortin 3 recep-tor (MC3R) on first-order neurons establishing an inhibitory feedback loop [11] . Intracerebroventicular injection of highly potent MC4R agonists based structurally on α-MSH leads to a reduction of food intake in mice [12] . However, long-term treatment with the MC4R agonist leads to erections in mice because MC4R is also expressed in penis tissue [13] . Activation of the MC4R by artificial ligands is now investigated as a treatment option for sexual dysfunction [14] but makes it unfavorable for obesity treatment, especially in children. Within the leptin-melanocortin pathway a number of GPCRs are expressed that are known to be involved in weight regulation.
MC4R mutations represent the most frequent monogenic cause of obesity to date [15, 16] . Mutations in the MC3R are a rare cause of obesity [17, 18] . For two mutations of the MC4R a dominant-negative effect was shown, leading to the identification of MC4R dimerization [19] [20] [21] . Besides the MC4R only homooligomerization of MC3R [22] was reported as well as heterodimerization of MC1R and MC3R which are co-expressed on human monocytes [22] .
Up to now, there is a lack of information on heterodimerization of MC4R which is mainly expressed in the hypothalamic PVN and of MC3R which is expressed in the ARC. To develop efficient treatment options that specifically interfere with disturbed hypothalamic weight regulation investigation of the dimerization partner of GPCR involved in energy homeostasis is one important prerequisite. The brain and especially areas of the hypothalamus involved in energy homeostasis like ARC and PVN are the regions with the highest expression of GPCRs [11] . In addition to melanocortin receptors a total of more than 40 GPCRs [23] expressed in hypothalamic nuclei are involved in energy homeostasis. For most of these receptors, their role in energy homeostasis is not fully understood. In this study we investigated the interaction of MC4R or MC3R with other GPCRs potentially expressed in the PVN or ARC. We chose GPCRs that have an overlapping expression pattern like MC4R or MC3R and are involved in weight regulation as detected by knockout models or intracerebroventricular injection of specific ligands ( fig. 1) [11, [23] [24] [25] [26] [27] [28] . We tested heterooligomerization of MC4R with G-protein-coupled receptor 7 (GPR7), which was recently deorphanized to be the receptor for the neuropeptides W (NPW) and B (NPB), the cannabinoid 1 receptor (CB1R), and the serotonin 1B receptor (5HTR 1B ). Furthermore, we determined the potential protein-protein interaction of MC3R with the growth hormone secretagogue receptor (GHSR) which is the receptor for the stomach-derived satiety hormone ghrelin, the µ-opioid receptor (µ-OPR), and the neuropeptide Y2 receptor (NPY2R) ( fig. 1 ).
Material and Methods
Cloning of Hypothalamically Expressed GPCRs MC3R, MC4R, GPR7 and 5HTR 1B were cloned from genomic DNA, CB1R was cloned from human brain cDNA. GHSR and µ-OPR cDNAs were purchased from UMR cDNA Resource Center, Rolla, MO, USA. For the cloning and aminoterminal HA tagging of all receptors, constructs were amplified by PCR using a tag-and restriction site-encoding sense primer and a restriction site-encoding antisense primer. All constructs were cloned into the eucaryotic expression vector pcDps via KpnI/SpeI or AatII/SpeI. For carboxyterminally FLAG tagging the melanocortin receptors, an epitope-coding antisense primer was used, and the construct was cloned into the pcDps using KpnI/SpeI sites. To fuse different fluorophores to the C-terminus of the receptors, PCR was performed based on the existing constructs. A restriction site-encoding sense primer and a stop codon-lacking antisense primer were used. MC3R, MC4R, GPR7, NPY2R, 5HTR 1B and CB1R cDNAs were cloned 5' into pECFP-N1 or Fig. 1 . a Influence on food intake, expression and G-protein coupling of hypothalamic GPCRs involved in body weight regulation. b Schematic illustration of major nuclei of the hypothalamus Rediger/Tarnow/Bickenbach/Schaefer/Krude/ Grüters/Biebermann pEYFP-N1 (Clontech, Palo Alto, CA, USA) preserving the reading frame, using EcoRI/KpnI sites. In the case of µ-OPR we used PstI/KpnI sites.
Cell Culture and Transfection COS-7 cells were maintained in Dulbecco's modified Eagle's medium (DMEM, Sigma, Deisenhausen, Germany) supplemented with 10% fetal calf serum (FCS) and 20 mmol/l glutamin. Cells were incubated at 37 °C in humidified air containing 5% CO 2 . Transfections were carried out using Metafectene™ (Biontex, Munich, Germany) according to the manufacturer's protocol. For the sandwich ELISA approach 1 × 10 6 cells were seeded in 6 cm dishes and transfected with a total of 3 µg DNA and 4 µl Metafectene. Cell surface expression assays were performed in 48 well plates (4 × 10 4 cells/well), and cells were transfected with 0.25 µg DNA/well and 1 µl Metafectene/well.
For investigation of receptor-receptor interaction in living cells by fluorescence resonance energy transfer (FRET) and for confocal laser scanning microscopy, HEK293 cells were grown on poly-L-lysine-treated cover slips and were transfected with 2 µg DNA and 4 µl FuGene6 (Roche, Grenzach-Whylen, Germany).
For ELISA approaches COS-7 cells were chosen due to their high adherence which is necessary to pass multiple wash steps. HEK293 cells were used for FRET experiments because their smaller size allowed measuring more cells in one field of view.
Investigation of Cell Surface Expression
To investigate cell surface expression of single or co-expressed GPCRs, these were N-terminally HA-tagged and tested in cell surface ELISA studies. 48 h after transfection (Metafectene) into COS-7 cells, a fixation with paraformaldehyde was performed before the extracellular HA epitope was probed with a biotin-labelled antibody (Roche Diagnostics GmbH, Roche Applied Science, Mannheim, Germany). Bound anti-HA antibody was detected by peroxidase-labeled streptavidin (Dianova, Hamburg, Germany) in a substrate/chromogen reaction as described previously [29] .
Determination of Subcellular Localization HEK293 cells for imaging were cultured on glass cover slips, which were treated with 0.01 mg/ml poly-L-lysine (Biochrom AG, Berlin, Germany). For single and co-expression studies we used YFP-or CFPand YFP-fused GPCR constructs. Cells were overlaid with Hepesbuffered solution (138 nmol/l NaCl, 6 mmol/l KCl, 1 mmol/l MgCl 2 , 1 mmol/l CaCl 2 , 5.5 mmol/l glucose, 2 mg/ml bovine serum albumin, and 10 mmol/l Hepes, pH 7.5) and imaged by using a confocal laser scanning microscope (LSM 510 META; Carl Zeiss, Jena, Germany) with a Plan-Fluar 100x/1.45-objective. Microscopy pictures were generated using a 458 nm and a 488 nm laser for excitation and a LP505 emission filter.
Investigation of Protein-Protein Interaction: A Sandwich ELISA and a FRET Approach
For investigation of receptor dimerization we detected the constitutive dimers of an aminoterminal HA-tagged (N-HA) and carboxyterminal FLAG-tagged (C-FLAG) GPCR by an ELISA approach. Sandwich ELISAs were performed as previously described [19] . Briefly, COS-7 cells were co-transfected with differentially tagged GPCR constructs, solubilized overnight and incubated in FLAG antibody-coated 96-well plates. Dimerization was measured via detection of the N-terminally tagged HA epitope as increase in optical density.
To demonstrate the interaction of GPCR in living cells, we used FRET as previously described [19] . Briefly, C-terminally YFP-tagged MC3 or MC4 receptors were co-transfected with C-terminally CFP-fused GPCRs in HEK293 cells. 24 h later YFP was photobleached at 512 nm, and the increase of CFP-emission was measured at excitation at 410 nm. FRET efficiency was calculated as follows: E = (FCFP max -FCFP min )/FCFP max [30] . Cells with a molar ratio (YFP:CFP) of less than 1 and greater than 4 or exhibiting unacceptable signal-to-noise ratios (linear regression analysis giving R 2 values < 0.6) were omitted. Stabile dimerizations are defined by FRET efficiency between 8 and 25%.
Determination of Total Expression
To determine total expression of GPCRs, COS-7 cells were transfected with N-terminally HA and C-terminally FLAG double-tagged receptor constructs. An ELISA was performed as described for the sandwich ELISA.
Results
To investigate the interaction of MC4R in the PVN and of MC3R in the ARC with other GPCRs potentially expressed in the same nuclei, we chose GPCRs that have an overlapping expression pattern like MC4R or MC3R and are involved in weight regulation. We investigated the interaction of MC4R with GPR7, CB1R, and the 5HTR 1B . Furthermore, we determined protein-protein interaction of MC3R with the GHSR, µ-OPR, and NPY2R ( fig. 1 ).
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GHSR GHSR 2a) . We determined considerable amounts of GHSR, µ-OPR, MC4R, 5HTR 1B and CB1R in the endoplasmatic reticulum, whereas only a weak signal from plasma membrane was observed. In contrast, NPY2R expressed in HEK293 cells was localized predominantly at the plasma membrane. For GPR7 we observed an intracellular accumulation in vesicular structures.
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For investigation of the cell surface expression all N-terminally HA-tagged receptors were transiently expressed into COS-7 cells, and a cell surface ELISA was performed. All investigated receptors displayed cell surface expression to different degrees (fig. 2b) . The low amount of GPR7 on the cell surface expected from confocal images could be confirmed. Comparable to the positive control, the rat muscarinic receptor (rM3R), the expression of NPY2R, GHSR, and 5HTR 1B on the surface were 3-to 4-fold reduced. This reduction did not occur due to reduction of total receptor expression levels, which was equal for NPY2R, GHSR, 5HTR 1B , and the melanocortin receptors (data not shown). However, MC3R, MC4R, µ-OPR, and CB1R are strongly expressed at the plasma membrane.
Determination of Protein-Protein Interaction
To identify the interaction partners of MC4R and MC3R, we applied a biochemical method which enables the detection of dimers by differential epitope tagging. Sandwich ELISA was performed in transiently co-transfected COS-7 cells. Moreover, to prove our results and to visualize the dimerization of GPCRs in living HEK293 cells, C-terminal fluorophoretagged receptors were analyzed by FRET.
Using sandwich ELISA, we determined the interaction of MC4R with GPR7 and 5HTR 1B which was comparable to the formation of MC4R homodimers (positive control). However, no interaction was found for the phylogenetically closely related CB1R (fig. 3b) . For investigation of the interaction partner of MC3R, CB1R served as negative control. We demonstrated heterodimerization of MC3R with GHSR, NPY2R, and µ-OPR to nearly identical degrees as MC3R homodimer formation ( fig. 3a) . To verify the results obtained by sandwich ELISA and to prove heterodimer formation in the cell membrane of intact HEK293 cells, we performed photobleaching FRET which showed a strong interaction of MC4R with GPR7, with a FRET efficiency of 19.6 ± 2.6%, thereby slightly exceeding the efficiency of the MC4R homodimer (17.3 ± 2.4%). Compared to the MC4R homodimer, the FRET efficiency of the 5HTR 1B -MC4R heterodimer was significantly reduced to 9.3 ± 0.4%. The low FRET efficiency of 5.9 ± 1.2% ( fig. 4b) confirmed the lack of interaction for MC4R and CB1R .
FRET showed a strong interaction of MC3R with GHSR, with an efficiency of 16.1 ± 0.9% which was within the range of the MC3R homodimer (15.2 ± 1.3%). Moreover, we found a significant reduction of FRET efficiencies for the interaction of MC3R with µ-OPR (9.7 ± 3.0%) and NPY2R (8.3 ± 1.4%) ( fig. 4a) 
Localization of Co-Expressed Receptors
Intracellular co-localization of expressed receptors is a necessity for interaction. Therefore, we tested co-localization of differentially fluorophore-tagged receptors after transient transfection into HEK293 cells by confocal laser microscopy. We found co-localization of all tested receptor pairs ( fig. 5 ). Coexpression of MC4R and GPR7 resulted in a shift of GPR7 to the plasma membrane.
Discussion
The function of most of hypothalamically expressed GPCRs in energy homeostasis is not fully understood. For this reason some of these receptors were investigated in this study for their role in heterodimerization: GPR7, 5HTR 1B , and CB1R for interaction with MC4R and µ-OPR, NPY2R, and GHSR for interaction with MC3R.
In this study we showed for the first time homo-and heterodimerization of GPCRs to be involved in hypothalamic weight regulation. We investigated heterodimer formation in HEK293 and COS-7 cells with two different methods. We demonstrated two different pairs of heterodimers, MC4R-GPR7 and MC3R-GHSR, which show robust dimer formation with both methods. The sandwich ELISA additionally demonstrated heterodimer formation for MC3R with µ-OPR and NPY2R. However, both of them display significantly reduced heterodimer formation compared with the FRET methods. Reasons for this could probably be methodical problems like sterical hindrance due to large CFP/YFP tags, which are excluded by use of smaller tags for sandwich ELISA approach. Also cell line differences which implicate different endogenously expressed chaperons and GPCRs are involved in interaction behavior. Another difference between both methods is that for the FRET experiments plasmids were transfected to express a stable acceptor:donor ratio of 1:1-3, whereas for the sandwich ELISA the plasmids were transfected in the same amount ignoring the expression levels of each receptor. Interestingly, we found no interaction of MC4R with the phylogenetically closely related CB1R. However, also CB1R homodimer formation (data not shown) was not observed. This could be due to the usage of heterologous cell systems as homodimerization of CB1R was demonstrated via a dimerspecific antibody [31] in neuronal cells, indicating that additional proteins like the recently reported cannabinoid receptor interacting protein are involved in CB1R interaction [32] . Up to now, no heterologous CB1R homodimer formation could be shown using FRET, BRET, or immunoprecipitation. We used that lack of heterodimer formation of MC4R and CB1R as negative control for both cell systems and methods to ensure that the results that we obtained were not due to the used overexpression system.
Heterodimerization of GPCRs can result in a structural and functional unit that is completely different to homodimeric or monomeric GPCRs. Recently, it was shown that ghrelin is able to amplify signal transduction properties of the dopamine 1 receptor due to heterooligomerization of both receptors. Moreover, this heterodimerization results in a shift in G-protein coupling from Gq/11 to Gi for the GHSR [33] . In contrast the activation of one heterodimer partner can result in inactivation of the other as it was demonstrated for the interaction of the µ-OPR and the α2A adrenergic receptor [6] .
Interaction of GPCRs was shown to influence cell surface expression. In this study we found no effect on cell surface expression after co-transfection of GHSR and MC3R. However, the long isoform of GHSR was shown to heterodimerize with the prostaglandin E2 receptor and the thromboxane A2 receptor, and this heterodimerization influences the constitutive activity of the GHSR and the cellular distribution [34] . Whereas GPR7 is only weakly expressed at the cell surface, major amounts of the receptors are trapped in the endoplasmatic reticulum ( fig. 2) , indicating that possibly an accessory protein is necessary for proper cell surface expression. Recently it was shown for CB1R that high constitutive activity is responsible for receptor internalization [35] . So far signal transduction properties of the GPR7 are uncertain. Therefore, also high constitutive activity of the receptor may be responsible for constitutive endocytosis. However, co-expression of GPR7 with MC4R resulted in significant overlap at the plasma membrane and strong co-localization on internal membrane structures as well. Thus, maybe trafficking and cell surface localization of GPR7 are regulated by interaction with MC4R.
The identification of MC4R and MC3R interaction with other GPCRs that are also involved in weight regulation (GPR7 for MC4R and GHSR for MC3R) add a new piece to the complex puzzle of weight regulation. After demonstrating heterodimerization of GHSR with MC3R and MC4R with GPR7, the next step is the elucidation of functional properties of the determined heterodimer pairs. To date MC4R is the obesity-related candidate gene in which most of its mutations were identified in obese patients. The vast majority of these mutations occur in the heterozygous state. In accordance with data from heterozygous knockout mice, a gene-dosage effect seems to be the underlying mechanism [36] . However, for two MC4R mutations a dominant-negative effect was shown [19, 20] , leading to the identification of MC4R dimerization [20] . So far no human MC4R mutation was identified that interrupts the MC4R homodimer formation. To completely characterize functional characteristics of naturally occurring MC4R mutations, their role in homo-or heterodimer formations have to be taken into account. The knowledge of a MC4R heterodimer formation offers a new and specific starting point for the development of therapeutic agents for obesity treatment.
